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Hidden-charm molecular pentaquarks in the coupled channels of Σ
(∗)
c (Λc)-D¯1(D¯
∗
2
)
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In a framework of one-boson-exchange potential model, we systematically investigate interactions between
a charmed baryon B(∗)c = Λc/Σc/Σ∗c and an anti-charmed meson T¯ = D¯1/D¯∗2. Both S -D wave mixing and
coupled channel effects are considered. Our results suggest that in some B(∗)c T¯ systems there are possible
hidden-charm molecular pentaquarks, i.e., the ΛcD¯1 states with I(J
P) = 1/2(1/2+, 3/2+), the ΣcD¯1 states with
I(JP) = 1/2, 3/2(1/2+ , 3/2+), the ΣcD¯
∗
2
states with I(JP) = 1/2, 3/2(3/2+, 5/2+), the Σ∗c D¯1 states with I(J
P) =
1/2, 3/2(1/2+, 3/2+, 5/2+), and the Σ∗c D¯
∗
2
states with I(JP) = 1/2, 3/2(1/2+, 3/2+, 5/2+, 7/2+). Meanwhile, we
also extend to study the interactions between a charmed baryon B(∗)c and a charmed meson T = D1/D∗2, and find
that the Σ
(∗)
c T states can be easily bound together as loose hadronic molecular pentaquarks.
PACS numbers: 12.39.Pn, 14.40.Lb, 14.20.Lq
I. INTRODUCTION
In the past decade, more and more novel phenomena relevant to X/Y/Z/Pc states have been reported with the accumulation
of experimental data. These observations provide us good chances to identify the exotic configurations (multiquark states,
glueballs, hybrids) of hadrons (see review papers [1–3] for more details). In addition, experimental and theoretical studies on
exotic states deepen our understanding to the nonperturbative behavior of quantum chromodynamics (QCD).
In 2015, the LHCb Collaboration reported the first experimental observation of hidden-charm pentaquarks that Pc(4380) and
Pc(4450)were discovered inΛ
0
b
→ J/ψpK− decay [4]. Stimulated by the announced Pc(4380) and Pc(4450), different theoretical
proposals of their inner structures or underlyingmechanismwere proposed, including themolecular state assignments [5–20], the
diquark-diquark-antiquark configurations [21–26], the diquark-triquark configurations [27, 28], the re-scattering effects [29–31],
and so on. One can find detailed review of the theoretical progress on two Pc states by Ref. [1]. Among different interpretations
on Pc states, the hadronic molecular state assignments are the most popular one. The masses of Pc(4380) and Pc(4450) are close
to the thresholds of a charmed baryon and an anti-charmed meson, which is the main reason why the hadronic molecular state
assignments to them were proposed.
Very recently, the LHCb Collaboration revisited the process Λ0
b
→ J/ψpK− with combined data set collected in Run 1 plus
Run 2 [32]. By analyzing the J/ψp invariant mass spectrum, they found Pc(4450) previously reported in 2015 is actually
composed of two overlapping peaks, Pc(4440) and Pc(4457). In addition, a new narrow structure Pc(4312) was observed. These
observations provided a strong experimental evidence of the existence of hidden-charm molecular pentaquarks, which had been
already predicted by several groups [33–36]. Soon later, since Pc(4312), Pc(4440), and Pc(4457) are respectively slight below
the ΣcD¯ and ΣcD¯
∗ thresholds, they are often interpreted as hidden-charmmolecular pentaquarks [37–46].
With the success of the interpretation for Pc states being hidden-charm pentaquark molecular candidates composed by an
S -wave charmed baryon and a ground anti-charmed meson, we believe that there can exist possible hidden-charm molecular
pentaquark partners which are made up by an S -wave charmed baryon and an excited anti-charmed meson. According to the
heavy quark spin symmetry, charmed mesons are categorized by a serial of different doublets, like H = (0−, 1−), S = (0+, 1+),
T = (1+, 2+). Charmed mesons in the same doublet are approximatively degenerate. In this work, we will investigate the
interactions between an S -wave ground charmed baryonB(∗)c = Λc/Σc/Σ∗c and an anti-charmed meson in T¯ doublet (D¯1, D¯∗2). We
also extend our work to study the systems with a charmed baryon B(∗)c and an excited charmed meson D1/D∗2.
Here, we adopt the one-boson-exchange model (OBE), including the exchange contribution from π, σ, η, ρ, and ω, which
is similar to the study of nuclear force. In addition, the S -D wave mixing effects and coupled channel effects are taken into
consideration in our calculation. We hope that valuable information provided here can be helpful for further experimental
searches for the other possible hidden-charm molecular pentaquarks.
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2This paper is organized as follows. After introduction, we deduce the OBE effective potentials in Sec. II. In Sec. III, we
present the corresponding numerical results. The paper ends with a summary in Sec. IV.
II. INTERACTIONS
Before deducing the effective potentials of the Σ
(∗)
c (Λc)-D¯1(D¯
∗
2
) interactions, we need to briefly introduce the general procedure
of getting the effective potentials. By using the Breit approximation, effective potentials in momentum space can be related to
the scattering amplitudes, i.e.,
Vh1h2→h3h4
E
(q) = − M(h1h2 → h3h4)√∏
i 2Mi
∏
f 2M f
. (2.1)
Here,M(h1h2 → h3h4) stands for the scattering amplitude of a process h1h2 → h3h4, which can be written out by the effective
Lagrangian approach at hadronic level. Mi and M f denote the masses of the initial states and final states, respectively. In the
Fourier transformation, effective potentialsVE(q) can be transferred into effective potentials in coordinate space, i.e.,
Vh1h2→h3h4
E
(r) =
∫
d3q
(2π)3
eiq·rVh1h2→h3h4
E
(q)F 2(q2,m2E). (2.2)
Here, we introduce a form factor F (q2,m2
E
) = (Λ2 − m2
E
)/(Λ2 − q2) at each interaction vertex, which is adopted to compensate
the off-shell effects of the exchanged meson. mE and q are the mass and four-momentum of the exchanged particle, respectively.
Cutoff Λ is a phenomenological parameter, which is related to the intrinsic size of hadrons or the typical hadronic scale. Ac-
cording to the experience of deuteron [47, 48], a cutoff Λ around 1 GeV can be a reasonable input for a loosely bound hadronic
molecular state.
Here, we illustrate the details of deducing the effective potentials. For a colorless molecular state, the total wave functions
consist of flavor, spin-orbit, and radial wave functions,
|Ψ〉 =
∣∣∣∣φ(r)
r
〉
⊗ |2S+1LJ〉 ⊗ |I, I3〉, (2.3)
where |φ(r)/r〉, |2S+1LJ〉 and |I, I3〉 denote the radial, spin-orbital and flavor functions, respectively. For these discussed
ΛcD¯1(D¯
∗
2
)/Σ
(∗)
c D¯1(D¯
∗
2
) systems, their spin-orbital wave functions can be expressed as
|BcD¯1(2S+1LJ)〉 =
∑
m,m′,mS mL
C
S ,mS
1
2
m,1m′
CJ,M
S mS ,LmL
χ 1
2
mǫ
m′ |YL,mL〉, |BcD¯∗2(2S+1LJ)〉 =
∑
m,m′′,mS mL
C
S ,mS
1
2
m,2m′′
CJ,M
S mS ,LmL
χ 1
2
mζ
m′′ |YL,mL〉,
|B∗cD¯1(2S+1LJ)〉 =
∑
m,m′,mS mL
C
S ,mS
3
2
m,1m′
C
J,M
S mS ,LmL
Φ 3
2
mǫ
m′ |YL,mL〉, |B∗cD¯∗2(2S+1LJ)〉 =
∑
m,m′′ ,mS mL
C
S ,mS
3
2
m,2m′′
C
J,M
S mS ,LmL
Φ 3
2
mζ
m′′ |YL,mL〉.
Here, CJ,M
S mS ,LmL
, C
S ,mS
1
2
m,1m′
, C
S ,mS
1
2
m,2m′′
, C
S ,mS
3
2
m,1m′
and C
S ,mS
3
2
m,2m′′
are the Clebsch-Gordan coefficients. |YL,mL〉, χ 1
2
m and Φ 3
2
m are defined as
the spherical harmonics function and the spin wave functions for fermions with S = 1/2 and 3/2, respectively. ǫm
′
(m′ = 0 ,±1)
and ζm
′′
(m′′ = 0 ,±1 ,±2) are polarization vector and tensor, respectively. The explicit expressions for these wave functions are
ǫ0 = (0, 0, 0,−1) , ǫ±1 = 1√
2
(0,±1, i, 0) ,
ζm
′′
=
∑
m,n〈1,m; 1, n|2,m′′〉ǫmǫn, Φ 3
2
m =
∑
m1,m2〈 12 ,m1; 1,m2| 32 ,m〉χ 12 ,m1ǫ
m2 .
In Table I, we summarize the flavor wave functions |I, I3〉 for the discussed B(∗)c T¯ systems.
In general, the coupled channel effects may play an important role for systems in which their mass thresholds are very close.
In this work, we perform the coupled channel analysis on the B(∗)c T¯ systems, and the S -D wave mixing effects is also taken into
consideration. In Table II, we collect the relevant spin-orbit wave functions.
When dealing with the scattering amplitude, we apply the effective Lagrangian approach to our calculation. One can construct
the effective Lagrangians describing the interactions between anti-charmedmesons in T¯ -doublet (S -wave charmed baryons) with
the light scalar, pesudoscalar and vector mesons as
LT¯ = g′′σ〈T
(Q¯)µ
a σT
(Q¯)
aµ 〉 + ik〈T
(Q¯)µ
b A/baγ5T (Q¯)aµ 〉 − iβ′′〈T
(Q¯)
bλ v
µ(Vµ − ρµ)baT (Q¯)λa 〉 + iλ′′〈T
(Q¯)
bλ σ
µνFµν(ρ)baT
(Q¯)λ
a 〉, (2.4)
LB3¯ = lB〈B¯3¯σB3¯〉 + iβB〈B¯3¯vµ(Vµ − ρµ)B3¯〉, (2.5)
LS = lS 〈S¯µσSµ〉 − 3
2
g1ε
µνλκvκ〈S¯µAνSλ〉 + iβS 〈S¯µvα
(
Vαab − ραab
)
Sµ〉 + λS 〈S¯µFµν(ρ)Sν〉, (2.6)
3TABLE I: Flavor wave functions for the discussed B(∗)c T¯ systems. Here, I and I3 are their isospin and the third component, respectively.
Systems |I, I3〉 Flavor wave functions Systems |I, I3〉 Flavor wave functions
Σ
(∗)
c T¯ | 32 , 32 〉
∣∣∣Σ(∗)++c T−〉 Σ(∗)c T¯ | 12 , 12 〉
√
2
3
∣∣∣Σ(∗)++c T−〉 − 1√3
∣∣∣Σ(∗)+c T¯ 0〉
| 3
2
, 1
2
〉 1√
3
∣∣∣Σ(∗)++c T−〉 +
√
2
3
∣∣∣Σ(∗)+c T¯ 0〉 | 12 ,− 12 〉 1√3
∣∣∣Σ(∗)+c T−〉 −
√
2
3
∣∣∣Σ(∗)0c T¯ 0〉
| 3
2
,− 1
2
〉
√
2
3
∣∣∣Σ(∗)+c T−〉 + 1√3
∣∣∣Σ(∗)0c T¯ 0〉 ΛcT¯ | 12 , 12 〉
∣∣∣Λ+c T¯ 0〉
| 3
2
,− 3
2
〉
∣∣∣Σ(∗)0c T−〉 | 12 ,− 12 〉
∣∣∣Λ+c T−〉
TABLE II: Possible channels involved in our calculation. Where the symbol ... means that the S -wave channels of the corresponding system
do not exist.
Channels BcD¯1 BcD¯∗2 B∗cD¯1 B∗cD¯∗2
J = 1
2
|2S 1
2
〉/|4D 1
2
〉 ... |2S 1
2
〉/|4D 1
2
〉/|6D 1
2
〉 |2S 1
2
〉/|4D 1
2
〉/|6D 1
2
〉
J = 3
2
|4S 3
2
〉/|2D 3
2
〉/|4D 3
2
〉 |4S 3
2
〉/|4D 3
2
〉/|6D 3
2
〉 |4S 3
2
〉/|2D 3
2
〉/|4D 3
2
〉/|6D 3
2
〉 |4S 3
2
〉/|2D 3
2
〉/|4D 3
2
〉/|6D 3
2
〉/|8D 3
2
〉
J = 5
2
... |6S 5
2
〉/|4D 5
2
〉/|6D 5
2
〉 |6S 5
2
〉/|2D 5
2
〉/|4D 5
2
〉/|6D 5
2
〉 |6S 5
2
〉/|2D 5
2
〉/|4D 5
2
〉/|6D 5
2
〉/|8D 5
2
〉
J = 7
2
... ... ... |8S 7
2
〉/|4D 7
2
〉/|6D 7
2
〉/|8D 7
2
〉
which are based on the heavy quark symmetry, the chiral symmetry and the hidden gauge symmetry [49–54]. Here, v = (1,0)
is four velocity. The multiplet field T is composed of an axial-vector meson D¯1 =
(
D¯0
1
, D−
1
, D−
s1
)T
and a tensor meson D¯∗
2
=(
D¯∗0
2
, D∗−
2
, D∗−
s2
)T
,
T
(Q¯)µ
a =
D¯∗µν2a γν −
√
3
2
D¯1aνγ5
(
gµν − 1
3
(γµ − vµ)γν
) 1 − /v2 . (2.7)
Its conjugate field satisfies T
(Q¯)µ
a = γ
0T
(Q¯)µ†
a γ
0. Axial currentAµ and vector currentVµ are respectively defined as
Aµ = 1
2
(ξ†∂µξ − ξ∂µξ†), Vµ = 1
2
(ξ†∂µξ + ξ∂µξ†), (2.8)
with ξ = exp(iP/ fπ) and fπ = 132 MeV for the pion decay constant. In the above formula, vector meson field ρµ and its strength
tensor Fµν(ρ) are ρµ = igVVµ/
√
2 and Fµν(ρ) = ∂µρν − ∂νρµ + [ρµ, ρν], respectively. S is defined as a superfield, which includes
B6 with JP = 1/2+ and B∗6 with JP = 3/2+ in the 6F flavor representation, i.e., Sµ = −
√
1
3
(γµ + vµ)γ
5B6 + B∗6µ. Matrices B3¯,
B(∗)
6
, P and Vµ are expressed as
B3¯ =

0 Λ+c Ξ
+
c
−Λ+c 0 Ξ0c
−Ξ+c −Ξ0c 0

, B(∗)
6
=

Σ
(∗)++
c
Σ
(∗)+
c√
2
Ξ
(′ ,∗)+
c√
2
Σ
(∗)+
c√
2
Σ
(∗)0
c
Ξ
(′ ,∗)0
c√
2
Ξ
(′ ,∗)+
c√
2
Ξ
(′ ,∗)0
c√
2
Ω
(∗)0
c

, P =

π0√
2
π+ K+
π− − π0√
2
K0
K− K¯0 − 2√
6
η

, Vµ =

ρ0√
2
+
ω√
2
ρ+ K∗+
ρ− − ρ0√
2
+
ω√
2
K∗0
K∗− K¯∗0 φ

µ
.
With these preparations, we can further deduce the concrete effective Lagrangians for anti-charmed mesons in T¯ -doublet
(S -wave charmed baryons) and light mesons, i.e.,
LT¯ T¯σ = −2g′′σD¯1aµD¯µ†1aσ + 2g′′σD¯∗†2aµνD¯∗µν2a σ, (2.9)
LT¯ T¯P = −
5ik
3 fπ
ǫµνρτvνD¯
†
1aρ
D¯1bτ∂µPba +
2ik
fπ
ǫµνρτvνD¯
∗α†
2aρ
D¯∗2bατ∂µPba +
√
2
3
k
fπ
(
D¯
†
1aµ
D¯
∗µλ
2b
+ D¯1bµD¯
∗µλ†
2a
)
∂λPba, (2.10)
LT¯ T¯V =
√
2β′′gV (v · Vba) D¯1bµD¯µ†1a +
5
√
2iλ′′gV
3
(
D¯ν1bD¯
µ†
1a
− D¯ν†
1a
D¯
µ
1b
)
∂µVbaν −
√
2β′′gV (v · Vba) D¯∗λν2b D¯∗†2aλν
4+2
√
2iλ′′gV
(
D¯
∗λν†
2a
D¯
∗µ
2bλ
− D¯∗λν2b D¯∗µ†2aλ
)
∂µVbaν +
iβ′′gV√
3
ǫλαρτvρ (v · Vba)
(
D¯
†
1aα
D¯∗2bλτ − D¯1bαD¯†∗2aλτ
)
+
2λ′′gV√
3
[
3ǫµλντvλ
(
D¯
α†
1a
D¯∗2bατ + D¯
α
1bD¯
∗†
2aατ
)
∂µVbaν + 2ǫ
λαρνvρ
(
D¯
†
1aα
D¯
∗µ
2bλ
+ D¯1bαD¯
†µ∗
2aλ
) (
∂µVbaν − ∂νVbaµ
)]
,(2.11)
LB3¯B3¯σ = lB〈B¯3¯σB3¯〉, (2.12)
LB(∗)
6
B(∗)
6
σ
= −lS 〈B¯6σB6〉 + lS 〈B¯∗6µσB∗µ6 〉 −
lS√
3
〈B¯∗6µσ (γµ + vµ) γ5B6〉 + h.c., (2.13)
LB3¯B3¯V =
1√
2
βBgV〈B¯3¯v · VB3¯〉, (2.14)
LB(∗)
6
B(∗)
6
P
= i
g1
2 fπ
εµνλκvκ〈B¯6γµγλ∂νPB6〉 + i
√
3
2
g1
fπ
vκε
µνλκ〈B¯∗6µ∂νPγλγ5B6〉 + h.c. − i
3g1
2 fπ
εµνλκvκ〈B¯∗6µ∂νPB∗6λ〉, (2.15)
LB(∗)
6
B(∗)
6
V
= −βS gV√
2
〈B¯6v · VB6〉 − i λgV
3
√
2
〈B¯6γµγν (∂µVν − ∂νVµ)B6〉 − βS gV√
6
〈B¯∗6µv · V (γµ + vµ) γ5B6〉
−iλS gV√
6
〈B¯∗6µ (∂µVν − ∂νVµ) (γν + vν) γ5B6〉 +
βS gV√
2
〈B¯∗6µv · VB∗µ6 〉 + i
λS gV√
2
〈B¯∗6µ (∂µVν − ∂νVµ)B∗6ν〉 + h.c.,
(2.16)
LB3¯B(∗)6 V = −
λIgV√
6
εµνλκvµ〈B¯6γ5γν (∂λVκ − ∂κVλ)B3¯〉 −
λIgV√
2
εµνλκvµ〈B¯∗6ν (∂λVκ − ∂κVλ)B3¯〉 + h.c., (2.17)
LB3¯B(∗)6 P = −
√
1
3
g4
fπ
〈B¯6γ5 (γµ + vµ) ∂µPB3¯〉 −
g4
fπ
〈B¯∗6µ∂µPB3¯〉 + h.c.. (2.18)
In Table III, we list the values of coupling constants in Eqs. (2.4)-(2.6), which are determined in our previous papers [49, 55].
TABLE III: A summary of coupling constants and hadron masses [56] adopted in the following calculation. Units of hadrons masses are MeV.
lS = −2lB = − 23gσNN g1 = 2
√
2
3
g4 = − 2
√
2 fπgπNN
5MN
βS gV = −2βBgV = −4gρNN λS gV = −
√
8λIgV = − 6(gρNN+ fρNN )5MN
g′′σ =
1
3
gσNN
k
fπ
=
3
√
2gπNN
10MN
β′′gV = −2gρNN λ′′gV = 3(gρNN+ fρNN )10MN
g2
σNN
4π
= 5.69
g2
πNN
4π
= 13.60
g2
ρNN
4π
= 0.84
fρNN
gρNN
= 6.10
mσ=600.00 mπ=137.27 mη=547.85 mρ=775.49 mω=782.65 mN=938.27
mD1=2422.00 mD∗2=2463.05 mΛc=2286.46 mΣc=2453.54 mΣ
∗
c
=2518.07
III. NUMERICAL RESULTS
A. Single B(∗)c T¯ systems
With these obtained OBE effective potentials (see Appendix IV for details), we can produce the numerical calculation through
solving the Schro¨dinger equation. Here, we firstly discuss the single B(∗)c T¯ systems. For the ΛcD¯1 and ΛcD¯∗2 systems, π/η/ρ-
exchanges interactions are suppressed because spin-parity conservation forbids the vertexesΛcΛcπ/η/ρ. When cutoff Λ is tuned
from 0.8 to 5.0 GeV, we cannot find the bound state properties for the ΛcD¯1 states with I(J
P) = 1/2(1/2+, 3/2+) and the ΛcD¯
∗
2
states with I(JP) = 1/2(3/2+, 5/2+). As we know, systems with higher partial waves are less likely to form a binding state
because of their repulsive centrifugal force l(l + 1)/2mr2. Thus, we can conclude that the ΛcT¯ cannot be possible molecular
candidates without considering the coupled channel effects.
For the ΣcD¯1 and ΣcD¯
∗
2
systems, the σ, π, η, ρ, ω-exchanges contribute to the total potentials. In Table IV, we present the
corresponding bound state solutions (binding energy E, root-mean-square (RMS) radius rRMS , and probabilities for different
components) for the ΣcD¯1 and ΣcD¯
∗
2
systems with three groups typical values of Λ. Before discussing the bound state properties,
we need to remark hadronic molecules: a). For a loosely bound molecular state composed by two hadrons, its typical size should
be much larger than the size of all the component hadrons. b). According to the experience of deuteron [47, 48], a reasonable
cutoff Λ is taken around 1.0 GeV in the OBE model.
5TABLE IV: Bound-state properties (binding energy E and root-mean-square radius rRMS ) for the single ΣcD¯1(D¯
∗
2
) systems. Cutoff Λ, binding
energy E, and root-mean-square radius rRMS are in units of GeV, MeV, and fm, respectively. P(%) denotes the probability for the different
channels. The largest probability of the quantum number configuration for a bound state is remarked by bold typeface.
States Λ E rRMS P(|2S 1
2
〉) P(|4D 1
2
〉) States Λ E rRMS P(|4S 3
2
〉) P(|4D 3
2
〉) P(|6D 3
2
〉)
[ΣcD¯1]
I=1/2
J=1/2
0.79 −0.78 3.38 98.55 1.45 [ΣcD¯∗2]I=1/2J=3/2 0.79 −0.63 3.71 97.46 0.32 2.22
0.86 −5.33 1.53 98.16 1.84 0.86 −4.91 1.61 96.58 0.47 2.95
0.93 −12.54 1.11 97.89 2.11 0.93 −12.46 1.14 96.07 0.55 3.38
[ΣcD¯1]
I=3/2
J=1/2
1.12 −0.89 3.13 87.99 12.01 [ΣcD¯∗2]I=3/2J=3/2 1.10 −0.81 3.32 88.69 2.33 8.97
1.14 −4.83 1.48 82.18 17.82 1.13 −5.64 1.44 81.29 3.98 14.73
1.16 −12.51 1.00 81.37 18.63 1.15 −12.02 1.06 79.79 4.42 15.79
States Λ E rRMS P(|4S 3
2
〉) P(|2D 3
2
〉) P(|4D 3
2
〉) States Λ E rRMS P(|6S 5
2
〉) P(|4D 5
2
〉) P(|6D 5
2
〉)
[ΣcD¯1]
I=1/2
J=3/2
0.95 −0.30 4.95 94.63 0.75 4.61 [ΣcD¯∗2]I=1/2J=5/2 0.95 −0.38 4.64 93.23 1.87 4.90
1.02 −4.34 1.84 88.99 1.58 9.43 1.01 −3.77 1.95 87.13 3.63 9.23
1.08 −13.13 1.20 86.76 1.91 11.34 1.07 −12.27 1.24 84.10 4.56 11.34
[ΣcD¯1]
I=3/2
J=3/2
1.07 −0.29 4.81 93.20 1.68 5.12 [ΣcD¯∗2]I=3/2J=5/2 1.09 −0.38 4.49 93.24 2.93 3.83
1.15 −3.69 1.88 82.07 4.61 13.32 1.17 −3.53 1.92 84.14 7.17 8.69
1.23 −12.94 1.21 73.08 7.38 19.54 1.25 −11.75 1.25 76.44 11.28 12.28
As shown in Table IV, when cutoff is fixed around 1.0 GeV, we can obtain bound solutions for the ΣcD¯1(D¯
∗
2
) systems with
all the discussed quantum numbers. Their RMS radii are all around a few fm or much larger. Thus, our results can suggest that
there exist several possible hidden-charmmolecular pentaquarks, the ΣcD¯1 states with I(J
P) = 1/2(1/2+, 3/2+), 3/2(1/2+, 3/2+)
and the ΣcD¯
∗
2
states with I(JP) = 1/2(3/2+, 5/2+), 3/2(3/2+, 5/2+).
In Table V, we present the bound state properties for the Σ∗cD¯1(D¯
∗
2
) systems. Using the same criterion of hadronic molecule,
we notice that all the investigated Σ∗cD¯1(D¯
∗
2
) systems can be possible hidden-charmmolecular candidates.
Here, our numerical results also shows that the states with I = 1/2 are easier to bind as a molecular candidate than those with
I = 3/2 for the single Σ
(∗)
c T¯ -type systems. To summarize, we can predict that these Σ
(∗)
c T¯ -type bound states with all possible
quantum numbers can be possible candidates of the hidden-charm molecular pentaquarks.
B. B(∗)c T¯ coupled channel systems
In the previous subsection III A, one can find the S -wave components for all the bound states are dominant. In particular, the
probabilities of D-wave for some systems are only several percent as shown in Tables IV-V, e.g. the ΣcD¯1(|4D1/2) component. In
our previous work [57], the bound state properties are almost unchanged whether considering these small D-wave components
or not. Here, we further introduce the coupled channel effects to discuss the B(∗)c T¯ coupled channel systems with I(JP) =
1/2, 3/2(1/2+, 3/2+, 5/2+). For simplicity, the negligible D-wave components are not considered, either.
In Figure 1, we present the cutoff dependence of the binding energy E, root-mean-square radius rRMS , and the probabilities
P(%) for the coupled B(∗)c T¯ channels with all the possible configurations. For the I = 1/2 system, there are six channels: ΛcD¯1,
ΛcD¯
∗
2
, ΣcD¯1, Σ
∗
cD¯1, ΣcD¯
∗
2
, and Σ∗cD¯
∗
2
. Their binding energy is measured from the channel with lowest threshold, theΛcD¯1 system.
For the I = 3/2 system, there exist four channels: ΣcD¯1, Σ
∗
cD¯1, ΣcD¯
∗
2
, and Σ∗cD¯
∗
2
, and the mass of bound state is pitched from the
ΣcD¯1 threshold. Finally, we can see that:
• For the I(JP) = 1/2(1/2+, 3/2+) systems, bound state solutions appear when cutoff Λ is taken around 0.9 GeV. Their RMS
radii are in a reasonable range, around or larger than 1.0 fm. Thus, B(∗)c T¯ coupled states with I(JP) = 1/2(1/2+, 3/2+)
can be possible hidden-charm molecular pentaquark candidates. Since the S -wave ΛcD¯1 channel is dominant with a
probability over 70.0%, they are mainly composed of the ΛcD¯1 system.
• For the I(JP) = 1/2(5/2+) system, we can find binding energy is around several MeV with cutoff around 1.0 GeV. The
dominant channels are ΛcD¯
∗
2
and ΣcD¯
∗
2
channels with probability around 90.0%. However, the corresponding size should
6TABLE V: Bound state properties (binding energy E and root-mean-square radius rRMS ) for the single Σ
∗
c D¯1(D¯
∗
2
) systems. Cutoff Λ, binding
energy E, and root-mean-square radius rRMS are in units of GeV, MeV, and fm, respectively. P(%) denotes the probability for the different
channels.
States Λ E rRMS P(|2S 1
2
〉) P(|4D 1
2
〉) P(|6D 1
2
〉)
[Σ∗c D¯1]
I=1/2
J=1/2
0.79 −5.92 1.47 97.06 1.89 1.04
0.82 −9.36 1.23 97.01 1.94 1.05
0.85 −13.36 1.08 96.91 2.03 1.07
[Σ∗c D¯1]
I=3/2
J=1/2
1.05 −0.58 3.81 87.52 5.51 6.97
1.07 −3.43 1.80 79.18 9.04 11.79
1.10 −13.95 1.02 75.97 10.64 13.27
States Λ E rRMS P(|4S 3
2
〉) P(|2D 3
2
〉) P(|4D 3
2
〉) P(|6D 3
2
〉)
[Σ∗c D¯1]
I=1/2
J=3/2
0.84 −0.44 4.29 96.06 0.95 2.69 0.31
0.91 −4.51 1.72 93.37 1.62 4.54 0.48
0.98 −12.83 1.17 91.90 1.96 5.58 0.55
[Σ∗c D¯1]
I=3/2
J=3/2
1.10 −0.48 4.10 91.41 3.07 4.78 0.73
1.14 −4.12 1.69 82.60 6.39 9.54 1.46
1.18 −12.96 1.07 77.56 8.55 12.12 1.78
States Λ E rRMS P(|6S 5
2
〉) P(|2D 5
2
〉) P(|4D 5
2
〉) P(|6D 5
2
〉)
[Σ∗c D¯1]
I=1/2
J=5/2
0.92 −0.67 3.91 88.96 0.17 3.32 7.54
0.98 −4.53 1.87 81.73 0.21 5.98 12.08
1.04 −13.90 1.23 77.90 0.20 7.67 14.20
[Σ∗c D¯1]
I=3/2
J=5/2
1.06 −0.43 4.33 93.32 1.17 0.28 5.22
1.15 −3.82 1.87 84.31 3.07 0.70 11.92
1.24 −12.92 1.23 76.50 5.24 1.10 17.15
States Λ E rRMS P(|2S 1
2
〉) P(|4D 1
2
〉) P(|6D 1
2
〉)
[Σ∗c D¯
∗
2
]
I=1/2
J=1/2
0.79 −9.43 1.23 96.35 1.97 1.68
0.81 −12.25 1.12 96.31 2.00 1.69
0.83 −15.32 1.03 96.24 2.05 1.71
[Σ∗c D¯
∗
2]
I=3/2
J=1/2
1.04 −0.76 3.45 87.52 5.24 7.24
1.06 −4.04 1.69 80.54 8.10 11.36
1.08 −11.07 1.12 78.21 9.14 12.65
States Λ E rRMS P(|4S 3
2
〉) P(|2D 3
2
〉) P(|4D 3
2
〉) P(|6D 3
2
〉) P(|8D 3
2
〉)
[Σ∗c D¯
∗
2
]
I=1/2
J=3/2
0.79 −1.16 2.54 95.56 1.15 2.22 0.42 0.65
0.85 −6.23 1.47 94.66 1.42 2.71 0.50 0.71
0.91 −13.64 1.10 93.90 1.63 3.14 0.56 0.76
[Σ∗c D¯
∗
2
]
I=3/2
J=3/2
1.06 −0.91 3.19 87.10 2.97 3.93 1.00 5.00
1.09 −5.19 1.53 79.08 4.77 6.20 1.59 8.37
1.12 −14.47 1.01 75.91 5.69 7.22 1.81 9.36
States Λ E rRMS P(|6S 5
2
〉) P(|2D 5
2
〉) P(|4D 5
2
〉) P(|6D 5
2
〉) P(|8D 5
2
〉)
[Σ∗c D¯
∗
2
]
I=1/2
J=5/2
0.88 −0.63 3.84 93.56 0.63 0.33 5.34 0.15
0.94 −4.37 1.77 89.77 0.94 0.54 8.54 0.22
1.00 −12.04 1.21 87.65 1.07 0.66 10.38 0.25
[Σ∗c D¯
∗
2
]
I=3/2
J=5/2
1.10 −0.52 4.01 91.66 2.40 0.61 5.13 0.20
1.15 −3.65 1.81 83.34 5.09 1.25 9.92 0.40
1.20 −11.03 1.18 77.15 7.49 1.74 13.07 0.53
States Λ E rRMS P(|8S 7
2
〉) P(|4D 7
2
〉) P(|6D 7
2
〉) P(|8D 7
2
〉)
[Σ∗c D¯
∗
2
]
I=1/2
J=7/2
0.94 −0.45 4.47 90.04 0.22 0.12 9.63
1.00 −3.82 1.98 81.83 0.33 0.24 17.60
1.06 −12.73 1.25 77.15 0.37 0.31 21.59
[Σ∗c D¯
∗
2
]
I=3/2
J=7/2
1.04 −0.28 4.84 94.71 0.86 0.08 4.35
1.14 −3.19 2.00 86.28 2.59 0.23 10.90
1.24 −11.68 1.27 78.71 4.70 0.37 16.22
7be very small because the RMS radius is less than 0.5 fm. It is obvious that it cannot be a reasonable loose molecular
candidate but a tight bound state.
• For the I = 3/2 systems, our results suggest that there exist two possible hidden-charm molecular pentaquark candidates
with JP = (1/2+, 3/2+). According to the cutoff dependence of probabilities for all the discussed channels, the B(∗)c T¯
coupled state with JP = (1/2+) is mainly made up of ΣcD¯1 system with the probability over 90%. For the higher spin
bound state, there are two dominant channels, ΣcD¯1 and ΣcD¯
∗
2
systems. Here, the coupled channel effects play an important
role.
• For the I(JP) = 3/2(5/2+) system, the ΣcD¯∗2 channel dominantly contributes with more than sixty percent probability. Its
corresponding RMS radius is around 0.40 fm or less, and its bound state results strongly depend on the cutoff parameter.
Therefore, our results do not support that it can be a reasonable candidate of the hadronic molecule.
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FIG. 1: (color online) Λ dependence of the binding energy E, root-mean-square radius rRMS , and the probabilities P(%) for the B(∗)c T¯ channels
for the coupled channel effects with all the possible configurations.
After considering the coupled channel effects, the B(∗)c T¯ coupled systems with I(JP) = 1/2, 3/2(1/2+, 3/2+) bound state
8properties are obtained when the cutoff varies in a reasonable range, which means that there may exist the B(∗)c T¯ coupled states
with I(JP) = 1/2, 3/2(1/2+, 3/2+). Compared to the results from the single B(∗)c T¯ systems, the coupled channel effects are very
important to generate the loosely hidden-charm molecules with I(JP) = 1/2(1/2+, 3/2+) mainly composed by ΛcD¯1 state. For
the I(JP) = 3/2(1/2+, 3/2+) states, since the corresponding cutoff values are smaller than those in the single channel analysis,
the coupled channel effects promote to form a bound molecular state.
C. Other molecular pentaquarks
As a byproduct, we also adopt the above formula to search for possible B(∗)c T -type molecular pentaquarks. Those OBE
effective potentials can be derived by the G-parity rule [58], i.e.,
VB
(∗)
c T→B(∗)c T (r) =
∑
i
(−1)Gi VB(∗)c T¯→B(∗)c T¯
i
(r), (3.1)
whereGi is theG-parity of the exchangedmeson i. The relevant numerical results for the Σ
(∗)
c T systems are collected in Table VI.
Since binding energies can be obtained with cutoff in a reasonable range (Λ ∼ 1.0 GeV), and their RMS radii satisfy the typical
size of a hadronic molecular state, they can be possible open-charm molecular candidates for all the investigated Σ
(∗)
c T systems.
IV. SUMMARY
Very recently, the LHCb Collaboration updated the observations of hidden-charm pentaquarks by analyzing Λ0
b
→ J/ψpK−.
They not only reported a new structure, Pc(4312), but also found that the Pc(4450) previously reported consist of two narrow
overlapping peaks, Pc(4440) and Pc(4457) [32]. These observations provide a strong experimental evidence for the existence of
hidden-charm molecular pentaquarks composed of a charmed baryon and an anti-charmed meson.
In this work, we try to search for the possible hidden-charmmolecular pentaquarks partners composed of an S -wave charmed
baryon and an anti-charmed meson in T -doublet with the form of B(∗)c T¯ . Here, both of the S -D wave mixing effects and the
coupled channel effects are taken into consideration. Our results indicate that there exist several possible hidden-charmmolecular
pentaquark candidates, the ΛcD¯1 states with I(J
P) = 1/2(1/2+, 3/2+), the ΣcD¯1 states with I(J
P) = 1/2, 3/2(1/2+, 3/2+),
the ΣcD¯
∗
2
states with I(JP) = 1/2, 3/2(3/2+, 5/2+), the Σ∗cD¯1 states with I(J
P) = 1/2, 3/2(1/2+, 3/2+, 5/2+), and the Σ∗cD¯
∗
2
states with I(JP) = 1/2, 3/2(1/2+, 3/2+, 5/2+, 7/2+). And these promising hidden-charm molecular pentaquarks can decay into
a ground charmed baryon with a ground anti-charmed meson, and a charmonium with a light baryon, like ΛcD¯
(∗), Σ(∗)c D¯(∗),
ηc(nS )N/∆ (n ≤ 2), ψ(nS )N/∆ (n ≤ 2), χcJ(1P)N/∆ (J ≤ 2). Experimental search for these possible loose molecular hidden-
charm pentaquatks can be also as crucial test of hadronic molecular state assignments to the Pc states.
Meanwhile, the B(∗)c T¯ states with I = 1/2 configuration can be more stable than the I = 3/2 states with the same spin-parity
configuration, and we also find that the coupled channel effects play an essential role for the B(∗)c T¯ coupled systems with I = 1/2.
In addition, we also extend our study to the B(∗)c T systems, and we further predict a serial of Σ(∗)c T molecular states.
Appendix: Relevant subpotentials
The OBE effective potentials in the coordinate space for all of the investigated processes are given by
VΛcD¯1→ΛcD¯1 (r) = 2AY(Λ,mσ, r)A1 + 1
2
BY(Λ,mω, r)A1, (1.1)
VΛcD¯∗2→ΛcD¯∗2 (r) = 2AY(Λ,mσ, r)A4 + 1
2
BY(Λ,mω, r)A4, (1.2)
VΣcD¯1→ΣcD¯1 (r) = CY(Λ,mσ, r)A1 + 5
18
DH(I)
[
A2∇2 +A3r ∂
∂r
1
r
∂
∂r
]
Y(Λ,mP, r) +
1
2
EG(I)Y(Λ,mV , r)A1
− 5
27
FG(I)
[
2A2∇2 − A3r ∂
∂r
1
r
∂
∂r
]
Y(Λ,mV , r), (1.3)
VΣcD¯∗2→ΣcD¯∗2 (r) = CY(Λ,mσ, r)A4 + 1
3
DH(I)
[
A5∇2 +A6r ∂
∂r
1
r
∂
∂r
]
Y(Λ,mP, r) +
1
2
EG(I)Y(Λ,mV , r)A4
−2
9
FG(I)
[
2A5∇2 −A6r ∂
∂r
1
r
∂
∂r
]
Y(Λ,mV , r), (1.4)
9TABLE VI: Bound-state properties for the single Σ
(∗)
c T systems. Here, E, rRMS , and Λ are in units of MeV, fm, and GeV, respectively.
Λ E rRMS Λ E rRMS Λ E rRMS Λ E rRMS
[ΣcD1]
I=1/2
J=1/2
[ΣcD1]
I=3/2
J=1/2
[ΣcD1]
I=1/2
J=3/2
[ΣcD1]
I=3/2
J=3/2
1.09 −0.44 4.98 0.96 −0.53 4.16 0.86 −0.39 4.77 1.42 −0.41 4.86
1.19 −4.73 1.95 1.05 −4.40 1.64 0.89 −4.48 1.63 1.81 −5.36 1.58
1.28 −12.25 1.43 1.15 −12.36 1.09 0.92 −14.04 1.04 2.20 −12.56 1.12
[ΣcD
∗
2
]
I=1/2
J=3/2
[ΣcD
∗
2
]
I=3/2
J=3/2
[ΣcD
∗
2
]
I=1/2
J=5/2
[ΣcD
∗
2
]
I=3/2
J=5/2
1.09 −0.54 4.51 0.97 −0.40 4.70 0.85 −0.77 3.47 1.47 −0.43 4.72
1.18 −4.38 1.98 1.07 −4.42 1.64 0.87 −3.52 1.78 1.93 −5.81 1.53
1.28 −12.57 1.40 1.18 −12.90 1.07 0.90 −12.48 1.07 2.40 −12.78 1.18
[Σ∗c D1]
I=1/2
J=1/2
[Σ∗c D1]
I=3/2
J=1/2
[Σ∗c D1]
I=1/2
J=3/2
[Σ∗c D1]
I=3/2
J=3/2
1.09 −0.46 4.91 0.91 −0.51 4.20 1.05 −0.53 4.43 1.06 −0.48 4.35
1.18 −4.31 2.04 0.99 −4.30 1.64 1.14 −4.88 1.81 1.19 −4.92 1.58
1.27 −12.07 1.46 1.08 −12.31 1.08 1.23 −12.53 1.32 1.32 −12.97 1.07
[Σ∗c D1]
I=1/2
J=5/2
[Σ∗c D1]
I=3/2
J=5/2
0.83 −0.86 3.26 1.55 −0.40 4.88
0.85 −3.64 1.74 2.17 −6.21 1.50
0.88 −12.85 1.06 2.80 −12.89 1.12
[Σ∗c D
∗
2]
I=1/2
J=1/2
[Σ∗c D
∗
2]
I=3/2
J=1/2
[Σ∗c D
∗
2]
I=1/2
J=3/2
[Σ∗c D
∗
2]
I=3/2
J=3/2
1.09 −0.51 4.68 0.90 −0.78 3.43 1.09 −0.60 4.29 0.97 −0.52 4.18
1.18 −4.57 2.01 0.98 −5.21 1.51 1.18 −4.57 1.94 1.07 −4.79 1.58
1.27 −12.70 1.45 1.06 −13.01 1.05 1.28 −12.91 1.38 1.17 −12.61 1.07
[Σ∗c D
∗
2
]
I=1/2
J=5/2
[Σ∗c D
∗
2
]
I=3/2
J=5/2
[Σ∗c D
∗
2
]
I=1/2
J=7/2
[Σ∗c D
∗
2
]
I=3/2
J=7/2
0.98 −0.72 3.73 1.16 −0.60 3.97 0.80 −0.41 4.56 1.64 −0.40 4.87
1.03 −4.65 1.72 1.32 −4.99 1.58 0.83 −3.70 1.72 2.42 −6.19 1.50
1.09 −13.22 1.17 1.48 −12.39 1.10 0.86 −12.57 1.06 3.20 −12.36 1.14
VΣ∗cD¯1→Σ∗cD¯1 (r) = CY(Λ,mσ, r)A7 + 5
12
DH(I)
[
A8∇2 +A9r ∂
∂r
1
r
∂
∂r
]
Y(Λ,mP, r) +
1
2
EG(I)Y(Λ,mV , r)A7
− 5
18
FG(I)
[
2A8∇2 − A9r ∂
∂r
1
r
∂
∂r
]
Y(Λ,mV , r), (1.5)
VΣ∗cD¯∗2→Σ∗cD¯∗2 (r) = CY(Λ,mσ, r)A10 + 1
2
DH(I)
[
A11∇2 +A12r ∂
∂r
1
r
∂
∂r
]
Y(Λ,mP, r) +
1
2
EG(I)Y(Λ,mV , r)A10
−1
3
FG(I)
[
2A11∇2 −A12r ∂
∂r
1
r
∂
∂r
]
Y(Λ,mV , r), (1.6)
VΣcD¯1→ΣcD¯∗2 (r) = −DH(I)
3
√
6
[
D1∇2 +D2r ∂
∂r
1
r
∂
∂r
]
Y(Λ0,mP0, r) − 2FG(I)
9
√
6
[
2D1∇2 −D2r ∂
∂r
1
r
∂
∂r
]
Y(Λ0,mV0, r), (1.7)
VΣcD¯1→Σ∗cD¯1 (r) = − 1√
3
CY(Λ1,mσ1, r)D3 − 5
12
√
3
DH(I)
[
D4∇2 +D5r ∂
∂r
1
r
∂
∂r
]
Y(Λ1,mP1, r)
10
− 1
2
√
3
EG(I)Y(Λ1,mV1, r)D3 + 5
18
√
3
FG(I)
[
2D4∇2 −D5r ∂
∂r
1
r
∂
∂r
]
Y(Λ1,mV1, r), (1.8)
VΣcD¯1→Σ∗cD¯∗2 (r) = −DH(I)
6
√
2
[
D6∇2 −D7r ∂
∂r
1
r
∂
∂r
]
Y(Λ2,mP2, r) +
FG(I)
9
√
2
[
2D6∇2 −D7r ∂
∂r
1
r
∂
∂r
]
Y(Λ2,mV2, r), (1.9)
VΣcD¯∗2→Σ∗cD¯1 (r) = −DH(I)
6
√
2
[
D8∇2 +D9r ∂
∂r
1
r
∂
∂r
]
Y(Λ3,mP3, r) +
FG(I)
9
√
2
[
2D8∇2 −D9r ∂
∂r
1
r
∂
∂r
]
Y(Λ3,mV3, r), (1.10)
VΣcD¯∗2→Σ∗cD¯∗2 (r) = − 1√
3
CY(Λ4,mσ4, r)D10 − 1
2
√
3
DH(I)
[
D11∇2 +D12r ∂
∂r
1
r
∂
∂r
]
Y(Λ4,mP4, r)
− 1
2
√
3
EG(I)Y(Λ4,mV4, r)D10 + 1
3
√
3
EG(I)
[
2D11∇2 − D12r ∂
∂r
1
r
∂
∂r
]
Y(Λ4,mP4, r), (1.11)
VΣ∗cD¯1→Σ∗cD¯∗2 (r) = DH(I)
2
√
6
[
D13∇2 +D14r ∂
∂r
1
r
∂
∂r
]
Y(Λ5,mP5, r) − FG(I)
3
√
6
[
2D13∇2 −D14r ∂
∂r
1
r
∂
∂r
]
Y(Λ5,mV5, r),
VΛcD¯1→ΣcD¯1 (r) = − 5
18
√
2
G
[
A2∇2 +A3r ∂
∂r
1
r
∂
∂r
]
Y(Λ6,mπ6, r) − 5
9
√
2
H
[
2A2∇2 −A3r ∂
∂r
1
r
∂
∂r
]
Y(Λ6,mρ6, r), (1.12)
VΛcD¯1→ΣcD¯∗2 (r) =
√
3
18
G
[
D1∇2 +D2r ∂
∂r
1
r
∂
∂r
]
Y(Λ7,mπ7, r) +
√
3
9
H
[
2D1∇2 −D2r ∂
∂r
1
r
∂
∂r
]
Y(Λ7,mρ7, r), (1.13)
VΛcD¯1→Σ∗cD¯1 (r) = 5
√
6
12
G
[
F1∇2 + F2r ∂
∂r
1
r
∂
∂r
]
Y(Λ8,mπ8, r) − 5
√
6
18
H
[
2F1∇2 − F2r ∂
∂r
1
r
∂
∂r
]
Y(Λ8,mρ8, r), (1.14)
VΛcD¯1→Σ∗cD¯∗2 (r) = −1
6
G
[
F3∇2 + F4r ∂
∂r
1
r
∂
∂r
]
Y(Λ9,mπ9, r) − 1
3
H
[
2F3∇2 − F4r ∂
∂r
1
r
∂
∂r
]
Y(Λ9,mρ9, r), (1.15)
VΛcD¯∗2→ΣcD¯1 (r) =
√
3
18
G
[
F5∇2 + F6r ∂
∂r
1
r
∂
∂r
]
Y(Λ10,mπ10, r) +
1
3
√
3
H
[
2F1∇2 − F6r ∂
∂r
1
r
∂
∂r
]
Y(Λ10,mρ10, r), (1.16)
VΛcD¯∗2→ΣcD¯∗2 (r) = −
√
2
6
G
[
A5∇2 +A6r ∂
∂r
1
r
∂
∂r
]
Y(Λ11,mπ11, r) +
√
2
3
H
[
2A5∇2 − A6r ∂
∂r
1
r
∂
∂r
]
Y(Λ11,mρ11, r), (1.17)
VΛcD¯∗2→Σ∗cD¯1 (r) = −1
6
G
[
F7∇2 + F8r ∂
∂r
1
r
∂
∂r
]
Y(Λ12,mπ12, r) − 1
3
H
[
2F7∇2 − F8r ∂
∂r
1
r
∂
∂r
]
Y(Λ12,mρ12, r), (1.18)
VΛcD¯∗2→Σ∗cD¯∗2 (r) = 1√
6
G
[
F9∇2 + F10r ∂
∂r
1
r
∂
∂r
]
Y(Λ13,mπ13, r) +
√
6
3
H
[
2F9∇2 − F10r ∂
∂r
1
r
∂
∂r
]
Y(Λ13,mρ13, r). (1.19)
Here, A = lBg
′′
σ, B = βBβ
′′g2
V
, C = lS g
′′
σ, D =
g1k
f 2π
, E = βS β
′′g2
V
, F = λS λ
′′g2
V
, G =
g4k
f 2π
, and H = λIλ
′′g2
V
. The superscript stands
for the corresponding scattering process. For convenience, we respectively define the following functions
H(I = 1/2)Y(Λ,mP, r) = −Y(Λ,mπ, r) + 16Y(Λ,mη, r), H(I = 3/2)Y(Λ,mP, r) = 12Y(Λ,mπ, r) + 16Y(Λ,mη, r),
G(I = 1/2)Y(Λ,mV , r) = −Y(Λ,mρ, r) + 12Y(Λ,mω, r), G(I = 3/2)Y(Λ,mV , r) = 12Y(Λ,mρ, r) + 12Y(Λ,mω, r),
Y(Λ,m, r) = 1
4πr
(e−mr − e−Λr) − Λ2−m2
8πΛ
e−Λr.
Variables in the above OBE effective potentials are defined as
q0 =
m2
D∗
2
−m2
D1
2(mΣc+mD∗
2
)
, q1 =
m2
Σ
∗
c
−m2
Σc
2(mΣ∗c+mD1 )
, q2 =
m2
Σ
∗
c
+m2
D1
−m2
Σc
−m2
D∗
2
2(mΣ∗c+mD∗2
)
, q3 =
m2
Σ
∗
c
+m2
D∗
2
−m2
Σc
−m2
D1
2(mΣ∗c+mD1 )
, q4 =
m2
Σ
∗
c
−m2
Σc
2(mΣ∗c+mD1 )
, q5 =
m2
D∗
2
−m2
D1
2(mΣ∗c+mD∗2
)
,
q6 =
m2
Σc
−m2
Λc
2(mΛc+mD1 )
, q7 =
m2
Σc
+m2
D1
−m2
Λc
−m2
D∗
2
2(mΣc+mD∗
2
)
, q8 =
m2
Σ
∗
c
−m2
Λc
2(mΣ∗c+mD1 )
, q9 =
m2
Σ
∗
c
+m2
D1
−m2
Λc
−m2
D∗
2
2(mΣ∗c+mD∗2
)
, q10 =
m2
Σc
+m2
D∗
2
−m2
Λc
−m2
D1
2(mΣc+mD1 )
,
q11 =
m2
Σc
−m2
Λc
2(mΣc+mD∗
2
)
, q12 =
m2
Σ
∗
c
+m2
D∗
2
−m2
Λc
−m2
D1
2(mΣ∗c+mD1 )
, q13 =
m2
Σ
∗
c
−m2
Λc
2(mΣ∗c+mD1 )
, Λ2
i
= Λ
2 − q2
i
, mE2
i
=
∣∣∣mE2 − q2
i
∣∣∣ .
(1.20)
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In Eqs. (1.1)-(1.19), we also define several operators for the spin-spin, spin-orbit, and tensor force interactions, i.e.,
A1 = ǫ†4 · ǫ2χ†3χ1, A2 = χ†3[σ · (iǫ†4 × ǫ2)]χ1,
A3 = χ†3S (σ, iǫ†4 × ǫ2, rˆ)χ1, A4 = XY(ǫ†4m · ǫ2a)(ǫ†4n · ǫ2b)χ†3χ1,
A5 = XY(ǫ†4m · ǫ2a)χ†3[σ · (iǫ†4n × ǫ2b)]χ1, A6 = XY(ǫ†4m · ǫ2a)χ†3S (σ, iǫ†4n × ǫ2b, rˆ)χ1,
A7 = ZT (ǫ†m
′
2
3
· ǫ1m2)(ǫ†4 · ǫ2)χ
†m′
1
3
χ
m1
1
, A8 = ZT [(ǫ†m
′
2
3
× ǫ1m2) · (ǫ†4 × ǫ2)]χ
†m′
1
3
χ
m1
1
,
A9 = ZT S (ǫ†m
′
2
3
× ǫ1m2 , ǫ†4 × ǫ2, rˆ)χ
†m′
1
3
χ
m1
1
, A10 = XYZT (ǫ†m
′
2
3
· ǫ1m2)(ǫ†4m · ǫ2a)(ǫ†4n · ǫ2b)χ
†m′
1
3
χ
m1
1
,
A11 = XYZT (ǫ†4m · ǫ2a)[(ǫ
†m′
2
3
× ǫ1m2) · (ǫ†4n × ǫ2b)]χ
†m′
1
3
χ
m1
1
, A12 = XYZTχ†m
′
1
3
(ǫ
†
4m
· ǫ2a)S (ǫ†m
′
2
3
× ǫ1m2 , ǫ†4n × ǫ2b, rˆ)χm11 ,
D1 = X(ǫ†4m · ǫ2)χ†3(σ · ǫ†4n)χ1, D2 = X(ǫ†4m · ǫ2)χ†3S (σ, ǫ†4n, rˆ)χ1,
D3 = Zχ†m13 (ǫ†m23 · σ)(ǫ†4 · ǫ2)χ1, D4 = Zχ†m13 [(ǫ†m23 × σ) · (ǫ†4 × ǫ2)]χ1,
D5 = Zχ†m13 S (ǫ†m23 × σ, ǫ†4 × ǫ2, rˆ)χ1, D6 = XZ(ǫ†4m · ǫ2)χ†m13 [(iǫ†m23 × σ) · ǫ†4n]χ1,
D7 = XZ(ǫ†4m · ǫ2)χ†m13 S (iǫ†m23 × σ, ǫ†4n, rˆ)χ1, D8 = XZ(ǫ†4 · ǫ2m)χ†m13 [(iǫ†3 × σ) · ǫ2n]χ1,
D9 = XZ(ǫ†4 · ǫ2m)χ†m13 S (iǫ†3 × σ, ǫ2n, rˆ)χ1, D10 = XYZχ†m13 (ǫ†m23 · σ)(ǫ†4m · ǫ2a)(ǫ†4n · ǫ2b)χ1,
D11 = XYZ(ǫ†4m · ǫ2a)χ†m13 [(ǫ†m23 σ) · (ǫ†4n × ǫ2b)]χ1, D12 = XYZ(ǫ†4m · ǫ2a)χ†m13 S (ǫ†m23 × σ, ǫ†4n × ǫ2b, rˆ)χ1,
D13 = XZT (ǫ†4m · ǫ2)χ†m13 [i(ǫ
†m′
2
3
× ǫ1m2) · ǫ†4n]χm11 , D14 = XZT (ǫ†4m · ǫ2)χ†m13 S (iǫ
†m′
2
3
× ǫ1m2 , ǫ†4n, rˆ)χm11 ,
F1 = Zχ†m13 [iǫ†m23 · (ǫ†4 × ǫ2)]χ1, F2 = Zχ†m13 S (iǫ†m23 , ǫ†4 × ǫ2, rˆ)χ1,
F3 = XZ(ǫ†4m · ǫ2)χ†m13 (ǫ†m23 · ǫ†4n)χ1, F4 = XZ(ǫ†4m · ǫ2)χ†m13 S (ǫ†m23 , ǫ†4n, rˆ)χ1,
F5 = X(ǫ†4 · ǫ2m)χ†3(σ · ǫ2n)χ1, F6 = X(ǫ†4 · ǫ2m)χ†3S (σ, ǫ2n, rˆ)χ1,
F7 = XZ(ǫ†4 · ǫ2m)χ†m13 (ǫ†m23 · ǫ2n)χ1, F8 = XZ(ǫ†4 · ǫ2m)χ†m13 S (ǫ†m23 , ǫ2n, rˆ)χ1,
F9 = XYZ(ǫ†4m · ǫ2a)χ†m13 [iǫ†m23 · (ǫ†4n × ǫ2b)]χ1, F10 = XYZ(ǫ†4m · ǫ2a)χ†m13 S (ǫ†m23 , iǫ†4n × ǫ2b, rˆ)χ1.
Here, X = ∑m,n C2,m+n1m,1n , Y = ∑a,b C2,a+b1a,1b ,Z = ∑m1,m2 C
3
2
,m1+m2
1
2
m1,1m2
, T = ∑m′
1
,m′
2
C
3
2
,m′
1
+m′
2
1
2
m′
1
,1m′
2
, and S (x,y, rˆ) = 3(rˆ · x)(rˆ · y) − x · y.
We respectively present the corresponding matrix elements 〈 f |Ak |i〉, 〈 f |Dk |i〉, and 〈 f |Fk |i〉 in Tables VII-VIII, which are
obtained by sandwiched these operators between the relevant spin-orbit wave functions.
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TABLE VII: Matrix elements 〈 f |Ak |i〉 in various channels for operatorsAk in the effective potentials.
J = 1/2 J = 3/2 J = 5/2 J = 7/2
A1 diag(1,1) diag(1,1,1) 1
A2 diag(2,-1) diag(-1,2,-1) 2
A3

0
√
2
√
2 2


0 −1 −2
−1 0 1
−2 1 0

(
0
)
A4 1 diag(1,1,1) diag(1,1,1)
A5 32 diag( 32 , 32 ,−1) diag(−1, 32 ,−1)
A6
(
− 3
5
)

0 3
5
3
√
21
10
3
5
0 3
√
21
14
3
√
21
10
3
√
21
14
4
7


0 − 3
√
14
10
− 2
√
14
5
− 3
√
14
10
3
7
3
7
− 2
√
14
5
3
7
− 4
7

A7 diag(1,1,1) diag(1,1,1,1) diag(1,1,1,1)
A8 diag( 53 , 23 ,−1) diag( 23 , 53 , 23 ,−1) diag(−1, 53 , 23 ,−1)
A9

0 − 7
3
√
5
2√
5
− 7
3
√
5
16
15
− 1
5
2√
5
− 1
5
8
5


0 7
3
√
10
− 16
15
−
√
7
5
√
2
7
3
√
10
0 − 7
3
√
10
− 2√
35
− 16
15
− 7
3
√
10
0 − 1√
14
−
√
7
5
√
2
− 2√
35
− 1√
14
4
7


0 2√
15
√
7
5
√
3
− 2
√
14
5
2√
15
0
√
7
3
√
5
− 4
√
2
105√
7
5
√
3
√
7
3
√
5
− 16
21
−
√
2
7
√
3
− 2
√
14
5
− 4
√
2√
105
−
√
2
7
√
3
− 4
7

A10 diag(1,1,1) diag(1,1,1,1,1) diag(1,1,1,1,1) diag(1,1,1,1)
A11 diag( 32 ,1, 16 ) diag(1, 32 ,1, 16 ,−1) diag( 16 ,1, 16 ,−1) diag(−1,1, 16 ,−1)
A12

0 9
10
√
21
5
9
10
4
5
2
√
21
70
√
21
5
3
√
21
70
116
105


0 − 9
√
2
20
− 4
5
3
√
6
20
2
√
2
5
− 9
√
2
20
0 9
√
2
20
−
√
3
5
0
− 4
5
9
√
2
20
0 3
√
6
28
− 4
√
2
35
3
√
6
20
−
√
3
5
3
√
6
28
58
147
18
√
3
245
2
√
2
5
0 − 4
√
2
35
18
√
3
245
60
49


0
√
7
5
− 3
10
− 29
√
2
15
√
7
√
6
5
√
7√
7
5
0 −9
10
√
7
− 2
√
2
5
0
− 3
10
− 9
10
√
7
− 4
7
3
7
√
14
− 12
√
6
35
√
7
− 29
√
2
15
√
7
− 2
√
2
5
3
7
√
14
− 58
147
17
√
3
245√
6
5
√
7
0 − 12
√
6
35
√
7
17
√
3
245
10
49
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
0 2
5
− 3
5
√
14
− 2
√
21
7
2
5
8
35
−
√
27
35
√
14
− 4
√
21
49
− 3
5
√
14
− 27
35
√
14
− 493
735
√
3
49
√
2
− 2
√
21
7
− 4
√
21
49
√
3
49
√
2
− 32
49
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